This paper describes numerical and experimental results for reducing 50 Hz magnetic fields originating from secondary substations. The study was motivated mainly by the increasing interest in electromagnetic compatibility (EMC) regulations, since these fields have the ability to interact with electron beam devices such as TV and computer monitors.
Experimental tests were made to compare, under similar conditions, two 800 kVA, 3-phase transformers. One was unshielded and the other was shielded with a cover box made of 5 mm thick aluminium. The latter presented a good mitigation of the field.
Busbars are a major source of magnetic field; they often transport currents of the order of hundreds of amperes. To mitigate their field contribution, a thin metallic plate was positioned in front of the busbars, and numerical modelling of the field was applied using 2D and 3D finite elements (FEM). A special grid generating method was developed which adapts to the problem, considering the variations of the field and induced currents within fractions of the skin depth. Simulations were performed varying the thickness, geometry and material (conductivity σ and relative permeability µ r ).
The outcome was an optimal compromise between cost and shielding effectiveness. The use of a thin (less than the skin depth) plate of aluminium located very close (10 cm) in front the busbars provided a maximum reduction of the field in the area of interest (e.g. at 4 meters above the system of busbars). A convenient location of the substation components, a good cable positioning and optimal phase grouping (passive compensation) are also substantial contributions to the total field mitigation.
These techniques were tested in the building of a new substation and in the renovation of an old one. 
INTRODUCTION
Any electron beam device has the ability to interact with power frequency magnetic fields (PFMFs). For example, TV and computer screens show evident disturbances already at field values around one microtesla. In addition, modern development of highly sensitive microcircuits could open a territory where PFMFs would not be desirable. Moreover there is yet another issue in relation to PFMFs, namely the suspected possibility of harmful biological effects. After more than two decades of search, mechanisms supporting these effects have not been found, however the concern has grown amid the general public. Secondary substations are, due to their location inside or nearby buildings, major sources of power frequency magnetic fields. The work presented here consists of the development of cost-effective methods for reduction of fields originating from these sources. Busbars, transformers and other electrical apparatus (Fig. 1) are investigated theoretically and experimentally. An important parameter to evaluate is the shielding effectiveness which is defined as S = 20 log (B 0 /B shield ), where B 0 is the field without shield and B shield is the field when the shield is present. Modern techniques of numerical analysis are applied, such as the 2 and 3-dimensional finite elements method (FEM). 
FIELD MITIGATION AT THE SOURCES
The choice of a particular method of reducing PFMFs depends on the characteristics of the field emission as well as on the sources involved. Often a combination of various methods gives an optimal solution; in other words a maximal mitigation of the field within cost-effective constraints. Consider, for example, two manners of using the shielding method; one possibility is to shield the affected region; another way is to shield the source. From the point of view of material used, it is evident that shielding the source is more convenient -the area to be shielded (and therefore the cost) is proportional to the square of the distance to the source. However it is not always so simple to discard the first alternative; it can happen that the field is originated from many complex sources, which makes the field reduction by shielding the sources more difficult.
FIELD MITIGATION FROM TRANS-FORMERS
The magnetic field from three-phase step-down transformers has two origins, one is due to the leaking magnetic flux from the iron core; the other is due to the connections, specially at the secondary side which carries a higher current than the primary. Manufacturing details such as the type of insulation influences a transformer's geometry, hence its field distribution. The complexity of the magnetic field analysis from a three-phase transformer increases as the various types of connection configurations (Y/¨ ¨< << RU ¨¨ DUH FRQVLdered. Consequently, an experimental study is the simplest and effective way to deal with the characterisation and reduction of the magnetic field from substation transformers. Two transformers were studied experimentally, one shielded (ST) with a 3 mm aluminium box cover, and the other unshielded (UT). Fig. 3 shows a comparison of the field from these transformers and other substation components. Although the transformers UT and ST are of different manufacturer and different design, they have various similarities; both are three-phase, 800 kVA, and were connected to the same feeding transformer in similar configurations as to provide a comparison.
The shielding cover was the most relevant differentiating factor between the two transformers. The magnetic field emission of the ST, at 3 metres over the floor of the substation, showed values that were in average about 6 times smaller than the emission from the UT.
FIELD MITIGATION BY CONDUCTIVE AND FERROMAGNETIC SHIELDING
The design of shields for busbar systems represents a major challenge, for various parameters are involved, such as material, geometry and cost. Simulations using finite elements (FEM) were performed. When the length (L) of the busbars is relatively large (i.e. L >> 2m) the shielding analysis using 2D-FEM is accurate enough. However, for realistic simulations of short busbars (L ≤ 2m), analysis-using 3D-FEM is required. 
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The major difficulty encountered in the simulations is the great variation in element size. The FEM mesh has to resolve scales as small as the shield thickness (few millimetres) and as large as the field measuring distances (several metres). A special grid generation that overcomes this trouble was developed which adapts to the geometry of the problem. Hexahedral elements were used taking into account a sufficient number of elements to resolve variations on the scale of the skin depth. The problem was formulated using quadratic elements and scalar potential formulation everywhere but in the shielding plate, where linear elements and vector potential formulation were used. The chosen condition at the boundaries is Tangential Magnetic [Vector Fields (2)]. A metallic plate with thickness τ, conductivity σ and relative permeability µ r , was placed at a distance d in front of the busbars (Fig. 4) . For the busbars it was assumed standard cross-sections of (0.1 x 0.01) m 2 and a current of 1000 A per phase. The separation between busbars is 0.2 m. The magnetic flux density field (rms values) was evaluated at the plane located at y = 4 m up from the system of busbars, a characteristic area of interest.
Fig. 4.
Cross section of the 3D problem showing the geometry of the problem, the different parameters to vary and the formulation of the potential, Scalar everywhere except in the shield where a vector formulation is used. The reason for the use of the vector potential is the presence of eddy currents on the plate, which will provide the field reduction.
The same geometrical configurations were studied for ferromagnetic materials, regarding the relative permeability of the plate as a parameter. The simulations yielded less efficient shielding for iron than the one obtained in the aluminium case (Fig.  5) . The reason for this is the fact that iron has both properties: electrical conductivity and magnetic permeability. An iron plate tries to eliminate the field by producing eddy currents, while at the same time it tries magnetically to attract the field lines. For a given value of the conductivity, this conflict is more severe the higher the relative permeability is.
Variations of major parameters of a shielding configuration for the conductive case (namely plate
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thickness, conductivity, and distance from busbars) lead to a series of simulations, which outcome was an optimal compromise between cost and screening efficiency. The final design involved an aluminium plate thinner than the skin depth, located symmetrically in front of the busbars (Fig. 6) , and minimal busbars-plate distance (without causing a conflictive interaction between the busbars system and the shielding plate).
Fig. 6.
Eddy currents created on a conductive plate in front of a 3-phase system of bus bars, I = 1000A per phase. The plate has dimensions 3 mm thick, 5 m wide, and 2 m high.
FIELD MITIGATION BY ACTIVE COM-PENSATION
If the eddy currents on the conductive plate of Fig.  6 are analyzed at different instants, the outcome provides a hint on how to compensate the field of busbars. Fig. 7 shows the principle of active compensation.
Fig. 7. The principle of active compensation
The idea is to try the cancellation or mitigation of the field from a certain source by applying another generated field, usually coils and control circuits are involved in the design. In the case of busbars, the eddy currents are replaced by loops made of copper wire, which will "mimic" the field of the busbars. The case for a busbar system carrying a current of 100A per phase was considered. The compensating effect can be achieved with two coils carrying two different 1-phase currents, namely S and T, obtaining in this way a 2-phase equivalent of a 3-phase system of busbars (Fig. 8) .
In order to obtain an equivalent current of 100A per loop and at the same time be able to connect the coils directly to the main feeding circuit a number of turns (N=60) was calculated, as well as wire thickness and impedance. Thus the feeding current in each of the compensating coils was only 1.67A. The uppermost and lowermost sides of the compensating coils will have opposite currents to the S and T branches of the busbars. The middle part of the coil arrangement yields an equivalent current with phase -S-T =-R, that will compensate the middle branch of the busbars.
Depending on the distance busbars-coils, the shielding efficiency at y = 1.5 m from the busbars was measured experimentally to vary from S = 8.6 to S = 15.4, when the distance d vary between d = 20 to 10 cm respectively. The efficiency gets, as can be expected, higher for smaller values of d. Cables and connections represent another source of PFMFs. The total field from several cables depends strongly on the way they are grouped. Fig. 9 shows that grouping cables in bundles of different phases (i.e. passive compensation) give a strong reduction of the field in contrast to the field of cables grouped in bundles of equal phases. The total current in the cables was 400A per phase. Measurements of the magnetic field were made at 1 and at 3 meters over the middle of the cable arrangement. 
FIELD MITIGATION BY PASSIVE COM-PENSATION
CONCLUSIONS
This paper has shown that the magnetic field from the various components of a secondary substation can be mitigated in an economically effective way. Minimization of material costs is an important factor in each case. For this reason mitigation at the sources was preferred. The field from transformers was mitigated with an aluminium box (5 mm thick). 3D-finite elements techniques were used to model the shielding of busbars, which yielded a better performance for a 3 mm thick aluminium plate located at 10 cm from the busbars. Active compensation for mitigating the field of the busbars is achieved by "mimicking" the field of the busbar system using coils located very close and parallel to the plane of the busbars system (as simulating the effect of eddy currents). Rearrangement of cables (passive compensation) and optimal location of sources also contributed to reduce the field. When cables are connected to various devices, the phases become separated in order to reach the contact points. This is usually a source of PFMFs that is not easy to mitigate, fortunately it is a rather local phenomenon, being of secondary importance at distances larger than a few meters. These techniques were used in practical situations of PFMFs mitigation in newly build and renovated substations [Salinas et al (3) , (4)].
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